Human genomes are now being rapidly sequenced, but not all forms of genetic variation are routinely characterized. In this study, we focus on Alu retrotransposition events and seek to characterize differences in the pattern of mobile insertion between individuals based on the analysis of eight human genomes sequenced using next-generation sequencing. Applying a rapid read-pair analysis algorithm, we discover 4342 Alu insertions not found in the human reference genome and show that 98% of a selected subset (63/64) experimentally validate. Of these new insertions, 89% correspond to AluY elements, suggesting that they arose by retrotransposition. Eighty percent of the Alu insertions have not been previously reported and more novel events were detected in Africans when compared with non-African samples (76% vs. 69%). Using these data, we develop an experimental and computational screen to identify ancestry informative Alu retrotransposition events among different human populations.
The discovery of the Alu elements more than 30 years ago (Schmid and Deininger 1975; Houck et al. 1979) as ;300 basepairs (bp) interspersed repeat sequences commonly found within the introns of genes (Deininger et al. 1981) prompted an active area of research to address the role of mobile elements in genome evolution and human disease (Batzer and Deininger 2002) . More than one million Alu retrotransposons comprise over 10% of the human genome sequence (International Human Genome Sequencing Consortium 2001 Batzer and Deininger 2002) . They are partitioned into numerous subfamilies, which have been active at different time points during primate evolution (Price et al. 2004; Liu et al. 2009 ). Currently, ;30 distinct categories of Alu subfamilies are recognized (Mills et al. 2007 ) with AluYa5 and AluYb8 being most active in the human lineage (Carroll et al. 2001) . Alu retrotranspositions have numerous consequences leading to insertional mutations, gene conversion, recombination, alterations in gene expression, pseudogenization, structural variation, and formation of segmental duplications (Batzer and Deininger 2002; Bailey et al. 2003; Jurka et al. 2004; Xing et al. 2009 ).
Traditional methods to detect Alu insertion polymorphisms involve polymerase chain reaction (PCR) where putative polymorphic loci are genotyped one by one (Bamshad et al. 2003; Salem et al. 2003; Cordaux et al. 2007 ). Recently, PCR-based capture and high-throughput sequencing methods have been applied to quickly screen thousands of mobile element transposition events (Ewing and Kazazian 2010; Witherspoon et al. 2010) . Although promising, these methods also require the design of appropriate PCR primers and are susceptible to cloning failures. Other methods to detect retrotransposons include paired-end and full fosmid sequencing (Kidd et al. 2008 Beck et al. 2010) , transposon insertion profiling by microarray (Huang et al. 2010) , and restriction enzyme profiling followed by Sanger and 454 Life Sciences (Roche) sequencing (Iskow et al. 2010) . Whole-genome shotgun sequencing (WGS) of different individuals (Levy et al. 2007; Bentley et al. 2008; Wang et al. 2008; Wheeler et al. 2008; McKernan et al. 2009 ) provides a resource to discover Alu element insertions at a much higher scale and throughput. However, such findings are limited by the read length of the sequencing platform (Xing et al. 2009 ), and few studies have attempted to systematically discover these events at the individual genome level.
We recently described a computational method to discover mobile element insertions in genomes sequenced by paired-end next-generation sequencing (NGS) platforms . Based on our structural variation detection algorithm, VariationHunter ), our method follows the ''repeat anchored mapping'' approach (Kidd et al. 2008; MarquesBonet et al. 2009 ) to effectively cluster paired-end reads where one end maps to an annotated repeat element and its mate maps to a position within the genome. We previously demonstrated the sensitivity and specificity of our algorithm by simulation, proving its detection power . Here, we apply this algorithm to construct Alu retrotransposition maps from the genomes of eight human individuals sequenced with the Illumina platform.
In addition, we also analyze one Yoruban trio from Ibadan, Nigeria, and describe the properties of parent-to-child Alu transmission.
Yoruban individuals from Ibadan, Nigeria (YRI: NA18506, NA18507, and NA18508) (Bentley et al. 2008) , one Center d'Etude du Polymorphisme Humain (CEPH) individual of European origin (Utah resident with ancestry from northwestern Europe, CEU: NA10851) (Park et al. 2010) , two Khoisan individuals from southern Africa [KB1 (Schuster et al. 2010 ) and HGDP01029 (Green et al. 2010) ], one Han Chinese (YH) (Wang et al. 2008) , and one Altaic Korean (AK1) (Kim et al. 2009 ). The three Yoruban genomes constitute a parent-child trio, providing us the opportunity to study transmission of Alu insertions (Table 1) .
We computationally predicted novel Alu insertion loci using an algorithm that analyzes short paired-end sequence data . Briefly, we mapped the WGS data using mrFAST ) to the reference genome (National Center for Biotechnology Information [NCBI] Build 36) and identified all discordant read pairs. We then realigned such reads to both the reference genome and a database of Alu consensus sequences using a modified version of mrsFAST ). We applied VariationHunter-2 ) to predict Alu insertions in the sequenced samples, dynamically adjusting the minimum read support as a function of sequence and physical coverage of each analyzed genome (Table 1) . We adjusted the number of paired-end reads supporting each Alu insertion using the genome sequenced at the deepest coverage (NA18506) and down-sampling to the observed coverage, thereby defining the minimum support for each genome sequence (Table 1) . We achieved this by first identifying the clusters of paired reads supporting Alu insertion sites in the NA18506 genome and then calculating the expected number of Alu clusters for a given minimum support with different depth-of-coverage resampling. We used these values to estimate the expected number of Alu insertions in other genomes by adjusting for different read depths and minimum paired-end read support cut-off values.
In total, we predicted 2451 novel Alu insertions not present in the human reference genome for the YRI trio sequence data (Supplemental Fig. S1 ) and a total of 4342 Alu insertions in the entire set (Supplemental Fig. S2 ; Supplemental Table S1 ). The chromosomal distribution patterns are shown in the context of parent-child trio ( Fig. 1 ) and for individual genomes (Fig. 2) . We find that only 13.2% (571/4342) of these loci have been previously reported in the database of retrotransposon insertion polymorphism (dbRIP) (Wang et al. 2006 ). If we include two additional recently published surveys (Iskow et al. 2010; Witherspoon et al. 2010 May 20, 2010) . This represents a significant (P < 0.001) depletion based on simulation, confirming potential selection and preferential integration within gene-poor regions of the human genome (Fig. 3) . We identified 31 Alu elements that retrotransposed within an exon, of which three are predicted to disrupt a coding sequence ( Fig. 4 ; Supplemental Tables S2, S3) .
We experimentally validated a set of Alu insertion predictions from seven of the eight genomes using PCR. We selected 29 sites from the YRI trio, where integrations had occurred in relatively unique genomic regions, facilitating PCR primer design. All 29 sites and the transmission genotypes within the trio were validated by PCR (Table 2 ; Fig. 1B ). We then tested rare Alu insertions that were predicted to be specific to an individual targeting the genomes of NA10851, AK1, KB1, and YH. We performed PCR on 10 selected sites from each of these four genomes. We removed five of the 40 PCR assays from consideration due to amplification failure, and only 25 of the remaining 35 sites confirmed the predicted Alu insertion event in the original target genome. We re-examined the 10 sites that did not initially validate by designing a second PCR assay. For the second assay, we selected oligonucleotides that map further from the predicted integration site and validated nine out of 10 of these sites (Table 2; Fig. 2B ). Our combined results suggest excellent sensitivity (63/64) but also suggest caution in interpreting the map location precision based strictly on in silico mapping (detailed results of the PCR experiments can be seen in Supplemental Tables S4, S5 ).
Since the novel Alu insertions we detected could, in principle, represent Alu deletions from the reference genome as opposed to newly retrotransposed events, we attempted to assign each Alu insertion to a particular subfamily based on the presence of diagnostic sequence variants. If the events detected were predominantly new retrotranspositions, we would predict that the AluY subfamily would predominate-the only known active Alu subfamily (Batzer et al. 1995) . To perform this classification, we compared Alu-anchored sequence reads at each site to consensus sequences corresponding to each of the 31 defined Alu subfamilies (Repbase) (Jurka et al. 2005 ) and used the minimum genetic distance (Wang et al. 2006; Iskow et al. 2010; Witherspoon et al. 2010 ) that intersect our predictions. The predicted numbers of Alu integrations in the YRI trio are derived from the pooled experiment. NA18506 and NA18508 genomes are sequenced by Illumina and released for public use.
to assign the Alu to a particular subfamily. In some cases where we could not distinguish between two subfamilies (i.e., they were equally divergent with respect to a consensus), both were reported (e.g., an insertion reported as AluYa5/AluYa8 indicates that we were not able to distinguish between these two subfamilies for that particular insertion). In addition, we were not able to confidently assign 106 Alu insertions to subfamilies, and we report such insertions as ALU (Supplemental Table S1 ). Out of the 4236 Alu insertions that we could classify, 3785 (89.4%) belonged to the AluY subfamily with the two most active members (Ya5 and Yb8), ranked at the top. We classified 397 Alu insertions as AluS (9.4%) and 54 as AluJ (1.3%). These may represent potential deletions in the reference genome or integrations that arose by endonuclease-independent pathways as opposed to new retrotransposition events driven by targetsite primed reverse transcription (see Fig. 5 for the distribution of different Alu insertion subfamilies).
Familial transmission and genotyping
We focused on the parent-child trio (NA18506, NA18507, and NA18058) to assess the transmission characteristics of the novel Alu insertions. We performed two sets of experiments. First, we treated each genome individually and then compared the genomes for unique and shared Alu retrotransposons. We found no significant difference between nontransmitted and transmitted Alu elements from either parent, although slightly more transmissions were predicted from the mother due to increased sequence coverage and X chromosome transmissions from the mother to the proband (NA18506) (Fig.  6A ). In the second experiment, we pooled all sequence data from the trio providing ;50-fold sequence coverage for each haplotype (Table 1) . As expected, the analysis led to an increased sensitivity for transmitted Alu insertions, significantly reducing the number of potential de novo candidates. In this analysis, we identified only seven (0.4%) potential de novo insertions out of 1720 total insertions predicted in the proband (Fig. 6B) .
We attempted to validate the seven potential de novo insertions, but this proved difficult due to the repetitive nature of sequence flanking the insertion. Despite multiple attempts, we could not design a successful assay for two of the seven predicted events (Supplemental Table S6, gray rows). We tested the remaining five sites using PCR; two mapped to relatively unique sequence, and in both cases the insertions were not only validated in the child but also in one of the parents, and thus were not true de novo events. For the remaining three putative Alu insertions, which were embedded within repetitive DNA, we developed two independent PCR assays: one where primers were selected in unique regions to create a larger PCR amplicon (for predictions in chromosomes 17 and Y) and the second with one oligonucleotide mapping within the predicted Alu integrant (chromosome 1; Supplemental Table S6 ) and the other oligonucleotide mapping within repetitive flanking DNA. We applied both assay designs to test the insertions in chromosomes 17 and Y, while the second was applicable only to the Alu insertion prediction on chromosome 1. For the chromosome 17 insertion, both the father (NA18507) and child (NA18506) showed the presence of the Alu insertion, while for the prediction in chromosome 1 all three (NA18507, NA18508, and NA18506) showed the presence of an Alu insertion. The PCR assay for the Y chromosome insertion generated multiple amplification bands due to the presence of both Figure 1 . Alu insertions predicted in the Yoruban parent-child trio. (A) Novel Alu integration sites for four chromosomes are shown. Alu sequences transmitted from the father (green) are compared with those transmitted from the mother (red). Purple bars represent centromeres and black bars denote Alu insertions shared by both parents and transmitted to the offspring. In these chromosomes, five de novo insertions were predicted in the child (blue), and further marked with a red arrow. Note that the predicted de novo Alu insertion in distal location in chromosome Y is very close to a transmitted integration, and it is difficult to see at this resolution. (B) PCR validation results for three individuals for four different loci (GM18507_Alu5, GM18507_Alu7, GM18507_Alu9 and GM18508_Alu5).
common repeats and duplicated sequence, so we could not draw any conclusions for this locus. In summary, of the seven initial de novo predictions, four were confirmed as Alu insertions in the child, but found to be transmitted from one of the parents, and the remaining three could not be tested or interpreted.
We have also studied the parent-child trio for homozygous versus heterozygous insertions. Based on our analysis of the parentchild trio, we categorized all NA18506 Alu insertions as homozygous or heterozygous. To extract this information we developed a simple classifier for genotyping Alu insertions that considers two features: (1) the number of concordant paired-end mappings that span the loci of the predicted insertion (y-axis), and (2) the number of discordant paired-end reads that support an Alu insertion (x-axis). Our analysis shows that heterozygous and homozygous genotypes are accurately classified using this simple classifier (see Methods). We experimentally tested the genotyping results of 29 previously validated Alu insertions in the YRI trio using PCR, where 28 of the 29 insertion polymorphisms were correctly genotyped (Supplemental Fig. S3 ). The only locus incorrectly genotyped in NA18506 (chr13: 78,169,592-78,169,605) was also the only locus incorrectly genotyped in the NA18508 and NA18507 genomes (Supplemental Fig. S3 ). One possible explanation may be that the region is enriched for long terminal repeat (LTR) elements and long interspersed nuclear elements (LINEs) in the flanking region, confounding detection and validation.
Genome comparisons and population stratification
We compared the extent of shared Alu insertion polymorphisms among the analyzed genomes in this study (Fig. 7) . Based on our limited sample size of eight genomes, we found that ;50% of these novel Alu insertions were observed in two or more individuals, suggesting an allele frequency >10% (Fig. 7B) . Due to the nonuniformity in sequence coverage, this is likely an underestimate as a result of false negatives. Therefore, we repeated this analysis, limiting it to four unrelated genomes, each representative of a different human population, namely YH (Han Chinese), NA18506 (YRI), AK1 (Korean), and NA10851 (CEU). Of the Alu insertions, 4% (137/3446) were shared among all four genomes but were not present in the reference genome (NCBI Build 36). Considering the diversity of the sampled genomes, we conclude that these 137 loci are common to most humans, and the reference genome likely represents a rare polymorphism (Fig. 7A) . We have also reported the number of shared Alu insertions among pairwise comparisons of the eight genomes (Supplemental Table S7 ). Note that although we find less-common Alu insertions between AK1 and YH than we find between YH and NA10851, we believe this is only an artefact of lower sequence coverage in the AK1 genome compared with the other two genomes. As expected, the YRI genome shows greater genetic diversity. Approximately 59% (1016/1720) of the Alu insertions predicted in NA18506 are unique when compared with the other genomes, where the proportions of unique Alu integration loci in other genomes range between 37% and 45%. We identify 10%-15% more Alu integrations in the YRI samples, even after controlling for differences in sequence coverage (Table 1 (Iskow et al. 2010; Witherspoon et al. 2010 ) in addition to dbRIP, we find ;24% (589/2451) of YRI insertions and ;31% (744/2430) of non-African insertions were previously reported.
To assess the allele frequency distribution of the YRI Alu insertions, we selected 10 of the original 29 validated sites for which 
Alu repeats in human genomes
Genome Research 843 www.genome.org
Cold Spring Harbor Laboratory Press on October 27, 2017 -Published by genome.cshlp.org Downloaded from we had PCR genotyping assays and examined their allele frequency distribution more broadly among a panel of 30 individuals (10 Europeans, 10 Asians, and 10 Africans). These insertions showed considerable allele frequency variation among the three populations but, as expected due to their discovery in YRI individuals, showed higher allele frequency among African samples (Table 3; Supplemental Table S8 ). Three sites (alu18507_9, alu18508_6, and alu18507_11) showed the greatest enrichment among the YRI and were further tested on a larger set of human DNA samples. We genotyped 1058 individuals from 52 populations included in the Human Genome Diversity Panel (HGDP) (Supplemental Table S9 ). Two loci (alu18507_11; Supplemental Fig. S4A and alu18508_6; Supplemental Fig. S4B ) were largely specific to sub-Saharan populations, with alu18508_6 being relatively specific to individuals of Western and Southern African descent (22%-25% allele frequency among the Bantu, Biaka, and Yoruba). In contrast, analysis of alu18507_9 showed a wider and somewhat unusual population distribution outside of Africa (Fig.  8 ). This allele is common among African populations (average allele frequency 37%), becoming the major allele among the Yorubans from Nigeria and Mandenka from Senegal (54% and 58% allele frequencies). However, it is almost nonexistent among Asian populations (0.03% allele frequency), but it is common in both European and Amerindian populations (37% allele frequency). The Sardinians, Mayans, and Adygei of the Russian Caucasus show the highest non-African allele frequencies of 42%, 44%, and 48%, respectively. Based on the worldwide distribution, we conclude that this insertion is ancient, predating human migrations, but has been essentially eliminated from eastern Asian populations, possibly as a result of founder effect and genetic drift.
We estimated the allele frequency and extent of stratification among a subset of the newly discovered Alu integrations by examining sequence data from the 1000 Genomes Project Pilot 1 (1000 Genomes Project Consortium 2010) (1000GP 2010) (n = 179 individuals). We only used those genomes sequenced with pairedend Illumina technology; thus, we computationally genotyped a total of 129 human genomes. We selected from 201 Alu insertions mapping to unambiguous locations on chromosome 1 based on our analysis of the initial eight genomes in this study. Next, we assayed these 201 loci within the 1000 Genomes Project Consortium (2010) (1000GP) sequence data by measuring the proportion of discordant (supportive of insertion) and concordant (supportive of null event) read data for each Alu integration locus as a surrogate for allele frequency. For this experiment, we pooled all paired-end genomic sequence data within each 1000GP population (43 YRI, 36 CEU, and 50 Asian [ASN] genomes) and mapped reads to regions flanking the predicted insertion breakpoint. Paired-end sequence reads with one end mapping to an Alu consensus sequence and another mapping to the flanking sequence delineated the Alu insertion allele, while concordant paired-end sequences spanning the integration site and consistent with the reference genome defined the null allele. From these data, we estimated the median allele frequency for these Alu loci at 45%, suggesting that these insertions are common in the general population (Supplemental Table S10 ). We predict that 10.4% (21/201) of the insertion polymorphisms on chromosome 1 are significantly stratified (F ST > 0.2), with the majority (18/21) showing increased allele frequency in the YRI when compared with either the ASN or CEU populations (Table 4 ). (chr1:12, 864, 864, 302), CHI3L2 (chr1:111, 573, 573, 923), and PARP4 (chr13:23, 907, 807, 370) False negatives are calculated as the number of loci that were predicted to be specific to another individual, yet PCR showed Alu insertion in the specified genome.
Discussion
The methods we developed provide a sensitive and systematic approach to discover and genotype Alu retrotransposon genetic variation in the human species using next-generation paired-end sequencing data. We have identified 4342 novel Alu insertions, of which 79% are novel when compared with dbRIP (Wang et al. 2006) , and other recent discovery efforts (Iskow et al. 2010; Witherspoon et al. 2010) . Of the new insertions, 89% belong to the active AluY subfamily, suggesting that the majority arose as a result of retrotransposition as opposed to deletion or other templatedirected repair processes (Batzer et al. 1995) . Our analysis of eight genomes of diverse ethnicity has essentially doubled the number of Alu polymorphisms currently within dbRIP, providing a rich resource for future characterization. Many aspects of the population genetics of Alu insertion polymorphism are reminiscent of single nucleotide polymorphisms (SNPs). We observe greater diversity among Africans when compared with non-Africans with 10%-15% more new insertions being predicted among the former. Concomitantly, a slightly larger fraction of African Alu insertions are novel. While distributed throughout the genome, Alu integrations are significantly depleted within the exons and introns of genes (P < 0.001), suggesting purifying selection and/or integration bias. Alu insertions have been shown to play an important role in creating disease alleles (Deininger and Batzer 1999) . Construction of a catalog of Alu repeat insertions of various allele frequencies among ''unaffected'' individuals is an important first step in the future discovery of pathogenic variants among patient genomes.
Our analysis of a parent-child trio shows that de novo Alu insertion events are rare and exceedingly difficult to detect and confirm. Even with high-sequence coverage, we failed to find any validated de novo Alu insertions; all of the candidates represented false negatives transmitted from one of the two parents. A much larger number of trio genomes will need to be assayed before an accurate estimate of the germ-line mutation rate for Alu retrotransposition can be claimed.
The reduced level of overlap between the Han and Korean sample is influenced by differences in sequence coverage and data quality as opposed to genetic relatedness. For example, the total number of Alu insertions predicted for the European is significantly greater than the Korean (1282 vs. 909). Similarly, both the quality and physical coverage of the Korean sample was significantly less (see Table 1 , 1603 physical coverage for CEU NA10851 vs. 493 coverage for Korean AK1).
Finally, we present a rapid method for the discovery of population-differentiated Alu insertion polymorphisms. We estimate that ;10% of the Alu insertions we report are stratified (F ST > 0.2) between human populations. This is similar to what has been observed for SNPs discovered in the same samples (1000GP 2010). The discovery of ancestry informative Alu insertion polymorphisms, however, offers several advantages over traditional microsatellite and SNP markers for exploring population history. Alu insertions are byand-large considered to be stable markers, unlikely to revert through precise deletion and, therefore, are homoplasy-free character states (Batzer et al. 1995) . As a result, the Alu insertion represents the derived allele, and all individuals carrying a particular insertion share identity by descent (IBD) for that locus. Genetic typing of ;100 Alu polymorphisms has proven useful for the unambiguous determination of the continental origin of DNA samples stripped of information (Bamshad et al. 2003) . The discovery of modest numbers of geographic-restricted Alu polymorphisms will facilitate further genetic analysis, such as subgroup affiliation within population groups, and have immediate application to forensics Cold Spring Harbor Laboratory Press on October 27, 2017 -Published by genome.cshlp.org Downloaded from (Ray et al. 2005) . Thousands of such markers that can be easily tested by PCR should be available in the very near future, as human genomes become routinely sequenced.
Methods
We predicted the Alu insertion polymorphisms using VariationHunter . VariationHunter discovers the mobile element insertions based on a maximum parsimony structural variation discovery algorithm ). In the first step, the algorithm clusters the discordant pairedend reads that support the insertion of an Alu element. Next, VariationHunter selects the minimum number of such clusters (mobile element insertions) that cover all paired-end reads . For the YRI trio, we first pooled all discordant reads and then applied the VariationHunter algorithm on the combined set of read mappings. This pooling strategy takes advantage of a priori information that the variation between individuals within a trio should be limited.
Genotyping classifier
We use a simple linear separator classifier based on two features to genotype the Alu insertions predicted in the donor genome. The first feature is the total number of discordant paired-end reads that support the Alu insertion, and the second feature is the total number of concordant paired-end read mappings that span the insertion locus (if the concordant pairedend read has multiple mappings, a mapping location with the least edit distance is considered). Note, if we assume no paired-end read is mapped incorrectly, we expect that for a heterozygous Alu insertion the total number of paired-end reads spanning the insertion locus will be almost half of the total paired-end reads that support the Alu insertion. On the other hand, if we assume the insertion is homozygous, we then expect that the total number of concordant paired-end mappings that span the locus to be almost zero. We use a two-dimensional space to represent these insertions, where the x-axis is the number of discordant paired-end reads supporting the Alu insertion and the y-axis is the number of concordant paired-end reads that span the locus. In this two-dimensional space, the heterozygous insertions should fall close to the line y = 1/2x and the homozygous insertions should be close to y = 0. Thus, we can easily classify insertions based on their distance to these two lines. This is equivalent to using the line y = 1/4x as the separator between these two classes.
PCR
We designed PCR primers ;75 bp proximal and distal to the predicted Alu insertion breakpoint. In this way, if there are no Alu insertions at the tested site, we expected to see an amplification product of roughly 150 bp. In the case where we observed a ;450-bp fragment (150 bp + 300 bp for the Alu element), we considered the prediction as validated. We only tested the loci that were not spanned by other repetitive elements and did not intersect with 
